Porins from a variety of bacteria have been shown to be responsible for the permeability of small hydrophilic solutes both in vivo and in vitro (14, 15) . A role for some porins in antibiotic uptake has been proposed. This proposal is based largely on observations, in strains of the family Enterobacteriaceae, showing that cells lacking porin proteins in their outer membranes were more resistant than wild-type strains to hydrophilic antibiotics, particularly P-lactams (7, 17, 18, 20, 23) . However, for some of the more recently introduced P-lactams, there is still some dispute, based on similar studies, as to the role of Escherichia coli porins in their uptake across the outer membrane (7, 17) .. In many instances, however, model membrane studies have supported a role for porins in antibiotic uptake (14, 29, 38) .
Pseudomonas aeruginosa is inherently extremely resistant to antibiotics when compared with many other gramnegative organisms; this phenomenon is attributed in part to low outer membrane permeability (1, 12, 28, 37) . Indeed, the outer membrane permeability of wild-type P. aeruginosa has been determined to be 12-fold (28) to 100-fold (37) lower than that of wild-type E. coli. Two possible explanations for this low permeability have been proposed that are based on experiments designed to measure the molecular sieving ability of the P. aeruginosa outer membrane. One possibility is that the P. aeruginosa outer membrane largely excludes P-lactams, an explanation consistent with the experiments of Caulcott et al. (5) and Yonegama et al. (36) , who suggested that the largest sugars capable of passing through the outer membrane were disaccharides (molecular weight 342) and monosaccharides (molecular weight 180), respectively.
Alternatively, it has been suggested that the exclusion limit is large (molecular weight 3,000), but that there are very few porin molecules containing channels that allow the passage of large molecules (1, 3) . This explanation is consistent with the relatively large size of some 13 -lactams (molecular weight * Corresponding author. >500) that are known to enter and kill P. aeruginosa and with model membrane studies, in which protein F preparations were shown to contain large channels at a low frequency (3) and small channels at a high frequency (34) .
In an attempt to resolve this controversy and determine whether protein F is involved in 1-lactam uptake in P. aeruginosa, we constructed stable protein F-deficient mutants by insertion mutagenesis of the cloned gene in E. coli followed by gene replacement in P. aeruginosa. The mutant bacteria were characterized with respect to antibiotic uptake and permeability to a hydrophobic fluorophor.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth media. The bacterial strains and plasmids used in this study are listed in Table  1 . For rich media, LB medium (34), TY medium (34) , or Mueller-Hinton broth (Difco Laboratories, Detroit, Mich.) was used. Media were solidified when necessary with 2% (wt/vol) Bacto-Agar (Difco). Minimal medium was VogelBonner medium (22) supplemented with required amino acids at 10 ,ug/ml and with 0.5% (wt/vol) glucose as the carbon source. When required, the following antibiotics were used: for E. coli, tetracycline at 25 jxg/ml, ampicillin at 50 ,ug/ml, kanamycin at 25 ,ug/ml, and streptomycin at 200 ,ug/ml; for P. aeruginosa, streptomycin at 500 ,xg/ml, tetracycline at 100 ,ug/ml, and kanamycin at 500 ,ug/ml.
General DNA techniques. DNA manipulations followed the methods outlined by Maniatis et al. (22) , with the exceptions described previously (34) .
Insertion mutagenesis and gene replacement. Transposon mutagenesis was done by the methods of Ohman et al. (31) . Plasmid pWW13 (34) , containing an 11-kilobase (kb) insert including the oprF gene, was chosen for mutagenesis because it was too small to be packaged by bacteriophage X, but upon insertion of a transposon of 5 to 14 kb it became large enough to package. Briefly, plasmid RSF1010::Tnl was transferred into E. coli HB101(pWW13). Cells harboring (Fig. 1) . The resultant plasmids were transferred to P. aeruginosa by triparental mating and packaged in vivo into phage F116L, and the resulting phage lysate was used to infect P. aeruginosa PA01. Carbenicillin-resistant, tetracycline-sensitive transductants were screened for protein F deficiency as above. Two of the colonies with the desired phenotype, strains H607 and H608, were selected for further characterization. Insertion mutagenesis with other transposons was attempted exactly as described above, except that compatible TnS-, Tn7-, or TnS01-loaded plasmids were used in place of plasmid RSF1010::Tnl at the first step.
Qk mutagenesis and gene replacement. The strategy for mutagenesis with the streptomycin resistance Ql DNA cartridge (Amersham Corp.) is described in Fig. 1 . The resultant plasmid, pWW2500, contained an fl insertion flanked by sequences from the oprF gene which was inserted into the Sall site within transposon TnS of plasmid pRZ102. As described by Goldberg and Ohman (13) , a combination of the lack of a suitable replication origin for P. aeruginosa, the presence of a mob site to allow triparental mating into P. aeruginosa, and the instability of TnS in this host promotes homologous recombination of sequences cloned between the IS50 elements of TnS after transfer from E. coli to P. aeruginosa. After triparental mating of plasmid pWW2500 to P. aeruginosa, streptomycin-resistant recombinants containing fl were obtained at a frequency of about 10-7 per recipient. Of these recombinants, 60 to 100% (depending on the recipient) were protein F deficient as assessed by colony immunoblot procedures with specific monoclonal antibodies (26) . Outer membrane characterizations. Isolation of outer membrane and sodium dodecyl sulfate-polyacrylamide gel electrophoresis were performed as described previously (13) . Western immunoblot analysis was done by the method of Mutharia and Hancock (25) . Colony immunoblots were performed as described previously (34) TnSOJ inserts within the oprF gene were isolated, although over 3,000 Tcr Hgr transductants (i.e., transductants containing plasmid pWW13::TnS5O) were screened for the loss of ability to express protein F. The transposon-mutagenized plasmids with insertions within the oprF gene were conjugated into P. aeruginosa. Lysates of phage F116L were made on P. aeruginosa strains containing such plasmids and used to infect P. aeruginosa PA01. We selected transductants which had lost the tetracycline marker of the plasmid, retained the transposon marker, and did not interact with the protein F-specific antibody, indicating that gene replacement by homologous recombination had occurred. We achieved gene replacement only with our Tnl-mutagenized plasmids.
Protein F-lacking mutants were constructed by using plasmids with Tnl inserted at one of two sites within the oprF gene (Fig. 2) . A resultant P. aeruginosa strain containing the upstream Tnl insertion was designated H608.
Qi mutagenesis of the protein F gene. The above approach resulted in the isolation of strains with only Tnl insertion mutations in the oprF gene. This was a disadvantage for further studies of the function of protein F in P-lactam uptake across the outer membrane, since Tnl encodes a ,-lactamase enzyme. Therefore, we attempted to insert aminoglycoside resistance genes. Since the use of aminoglycoside resistance-encoding transposons TnS and Tn7 in the above gene replacement strategy was unsuccessful, we used in vitro mutagenesis with the commercially available DNA fragment Qi (encoding streptomycin and spectinomycin resistance and containing multiple transcriptional stop signals) and the gene replacement vector pRZ102 (19) to make oprF::Q mutants of P. aeruginosa. After construction of plasmid pWW2500 (Fig. 1 ) and triparental mating into P. aeruginosa, mutants derived from homologous recombination and replacement of the oprF+ gene were easily obtained in a number of different genetic backgrounds (data not shown). One of these, a derivative of strain H103, was strain H636.
Characterization of the protein F-deficient mutants. Outer membranes were isolated from both the P. aeruginosa protein F-deficient Tnl mutants and the Q1 mutant. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis profiles of membranes of these mutants (Fig. 3A, lanes 2 and 3) were almost identical to that of the parent strain H103 (Fig. 3A,  lane 1) , except that protein F was conspicuously absent in the mutants. There was no substantial increase in the size or relative content of any other protein, indicating that the cells did not compensate for the loss of protein F by substituting another outer membrane protein.
The loss of protein F from the outer membrane was confirmed by Westem immunoblots of the outer membrane proteins. In the mutants, no interaction was observed with a protein F-specific monoclonal antibody (Fig. 3B) by this P-lactamase. However, as a control for P-lactamase we used strain H103(RP1), which carried Tnl on plasmid RP1 and expressed levels of P-lactamase similar to those for strain H608 (Table 2) , and were thus able to demonstrate small increases in the resistance of strain H608 to the ,-lactamase-stable P-lactams aztreonam and ceftazidime. In contrast, marginal differences in resistance were observed for the quinolone antibiotic norfloxacin or the aminoglycosides tobramycin and gentamicin ( Table 2) .
Comparison of strain H103 and its Ql insertion-mutated, protein F-deficient derivative H636 demonstrated small increases in the levels of resistance of strain H636 to three P-lactam antibiotics, but less-than-twofold changes in resistance to seven other P-lactams (Table 3) . For some ,-lactam antibiotics in Tables 2 and 3 , the increases in MIC were statistically significant (P < 0.05 by Fisher's exact test), but it must be noted that the changes were always small. As observed for the Tnl protein F-deficient mutant, resistance to norfloxacin was unaffected by the oprF:: i mutation.
Altered outer membrane barrietr properties of protein Fdeficient mutants. The levels of increases in MICs for the protein F-deficient mutants, compared with their parent strains, were less extreme than expected. We considered the possibility that the loss of protein F caused a change in the overall structure of the outer membrane, thus enhancing antibiotic uptake via nonporin pathways and counteracting the effects of the loss of protein F in our insertion mutants. (Tables 2 and 3 ). This was in contrast to results for E. coli and other members of the family Enterobacteriaceae in which porin-deficient mutants were 8-to 32-fold more resistant to certain antibiotics (4, 7, 17, 20, 23 (Table 3 ). This dichotomy in levels of increase in resistance to P-lactam antibiotics of porin-deficient E. coli strains (i.e., large versus small increases) has been previously noted by other researchers (7, 17) .
It could be argued that the antibiotic MICs for our protein F-deficient mutants were influenced by the perturbation of outer membrane barrier properties caused by the loss of protein F (Table 4) . Nevertheless, the data presented in Tables 2 and 3 place some doubt on the proposed (28, 39) role of protein F in the uptake of ,-lactam antibiotics across the outer membrane of P. aeruginosa. This role was proposed on the basis of the observed in vitro channel-forming properties of protein F preparations (3), the decreased rate of permeation of P-lactam antibiotics through the outer membrane of a heavily mutagenized, protein F-deficient P. aeruginosa strain (26) , and the substantial increases in resistance to P-lactams of a putative protein F-altered mutant (12) . However, one possibility that must be considered is that the small (and presumably antibiotic-impermeable) channels observed by Woodruff et al. (34) in protein F preparations represent the actual protein channel size. Thus, the larger channels observed at a low frequency in protein F preparations (3) could represent a contaminating porin protein present in small copy number, as previously discussed (14) . We are currently attempting to generate mutants with defined protein F alterations in order to address these issues.
The characterization of the oprF mutants with respect to NPN uptake showed that the loss of protein F significantly changed the outer membrane. Protein F constitutes about 15% of the outer membrane proteins and is present at an estimated 200,000 copies per cell (1, 3, 25) . The mutants did not appear to compensate for the loss of protein F by an increase in existing outer membrane proteins or by the synthesis of new proteins. In addition, the outer membranes of the oprF mutants were considerably more permeable to NPN, a hydrophobic probe which is largely excluded by the wild-type cells (19) . A possible explanation for this observation could be that the gaps left by the loss of protein F are simply filled in by lipidic material. Thus, these NPN data are consistent with a structural role for protein F in the outer membrane.
Recently, the gene for protein F was sequenced (7) . Sequence homology between protein F and other outer membrane proteins was not extensive. Since the highest sequence homology observed was between protein F and the OmpA proteins of members of the family Enterobacteriaceae, the question of further analogy between these proteins could be raised. In addition to sequence homology, protein F shares the following characteristics with the OmpA protein: they have similar molecular weights (6, 9), strong peptidoglycan and lipopolysaccharide LPS association (24, 39) , and substantial stable p-sheet structure (24, 39) , and they are similarly heat modifiable on SDS-polyacrylamide gels (16, 27) . The OmpA proteins have not been characterized with respect to channel-forming ability, but are reported to play a structural role in the outer membrane (33) . Although some of the above characteristics are also found in the E. coli porin proteins OmpC and OmpF, the possibility does exist that protein F and OmpA are structurally analogous and evolutionarily related.
